[1] The age and origin of magmatic complexes along the Pacific Coast of Central America have important implications for the origin and tectonic evolution of this convergent plate margin. Here we present new 40 Ar/ 39 Ar laser age dates, major and trace element data, and initial Sr-Nd-Pb isotope ratios. The 124-109 Ma tholeiitic portions of the Santa Elena complex formed in a primitive island arc setting, believed to be part of the Chortis subduction zone. The geochemical similarities between the Santa Elena and Tortugal alkaline volcanic rocks suggest that Chortis block may extend south of the Hess Escarpment. The Nicoya, Herradura, Golfito, and Burica complexes and the tholeiitic Tortugal unit formed between 95 and 75 Ma and appear to be part of the Caribbean Large Igneous Province, thought to mark the initiation of the Galápagos hotspot. The Quepos and Osa complexes (65-59 Ma) represent accreted sections of an ocean island and an aseismic ridge, respectively, interpreted to reflect part of the Galápagos paleo-hotspot track. An Oligocene unconformity throughout Central America may be related to the mid-Eocene accretion of the Quepos and Osa complexes.
Introduction
[2] The Pacific margin of Costa Rica contains several oceanic igneous basement complexes that hold key information for reconstructing the origin and tectonic evolution of this convergent plate boundary. The complexes from NW to SE are (1) Santa Elena, (2) Nicoya, (3) Tortugal, (4) Herradura, (5) Quepos, (6) Osa, (7) Golfito, and (8) Burica (Figure 1 ). Various models have been suggested to explain their magmatic origin and geodynamic setting. These include accretion of Pacific mid-ocean ridge basalt (MORB) crust [Galli-Olivier, 1979] , accretion of the Gala Âpagos paleo-hotspot track [Flu Èh, 1983] , uplift of Caribbean oceanic plateau crust [Donnelly et al., 1990; Duncan and Hargraves, 1984] , and/or a multistage geodynamic evolution beginning with oceanic crust formation at a mid-ocean ridge, followed by intraplate, island arc, and back arc basin volcanism [Berrange Â and Thorpe, 1988; Frisch et al., 1992; Schmidt-Effing, 1979] . The longevity of this controversy mainly results from the lack of reliable data on the age and geochemistry of the igneous basement. To date, timing of magmatism has primarily been inferred from biostratigraphic ages of associated sediments, even though contacts between sediments and igneous rocks are predominantly tectonic or intrusive. The majority of earlier radiometric dating studies were conducted on whole rock using the K/Ar analyses method, the application of which is problematic in low-K altered rocks (see Alvarado et al. [1992] for a summary). Recent 40 Ar/ 39 Ar dating of the Nicoya, Herradura, and Quepos complexes in conjunction with geochemical investigations showed that they formed between 92 and 60 Ma from a plumetype mantle source, possibly the Gala Âpagos Regional map of Central America, the Caribbean, and northwestern South America showing the studied igneous complexes in Costa Rica, uplifted circum-Caribbean basement, Deep Sea Drilling Project (DSDP) drill sites, the location of the present Gala Âpagos Islands with its hotspot tracks, and the major structural elements of this region. Modified after Kerr et al. [1997] .
hotspot [Hauff et al., 1997; Sinton et al., 1997] . According to these authors, the Nicoya and Herradura complexes mark the westernmost edge of the Caribbean Large Igneous Province (CLIP), while the younger Quepos terrane represents an accreted seamount/ocean island complex of the early Gala Âpagos hotspot track. The age and origin of the other five igneous complexes, however, are poorly constrained. Using laser 40 Ar/ 39 Ar age dating, major and trace element analyses, and initial Sr-Nd-Pb isotope compositions from all igneous complexes (see Table A1 for sample locations), we propose a geodynamically consistent model for the evolution of the Pacific plate margin of Central America.
Sample Preparation and Analytical Methods
[3] Rock chips free of any obvious signs of alteration (veins, crusts, etc.) were picked under a binocular microscope and ground to flour in an agate mortar and agate mill. Volatile contents (H 2 O and CO 2 ) were determined on a Rosemount infrared photometer. Major elements (SiO 2 , Al 2 O 3 , MgO, Fe 2 O 3 , CaO, Na 2 O, K 2 O, TiO 2 , MnO, and P 2 O 5 ) and trace elements (V, Ni, Cr, Sr, and Zr) were measured on fused beads using a Phillips X'Unique PW1480 X-ray fluorescence spectrometer (XRF) at GEOMAR Research Center. Analytical accuracy and precision (2s) for Basalt Hawaiian Volcanic Observatory 1 (BHVO-1), and National Bureau of Standards (NBS) 688 lies within 3% of the working values of Govindaraju [1994] for major elements and within 7% for trace elements at concentration levels >20 ppm. Rb, Ba, Y, Nb, Ta, Hf, U, Th, Pb, and all rare earth elements (REE) were determined with a VG-Plasmaquad PQ1 inductively coupled plasma ± mass spectrometer (ICP-MS) at the Geological Institute of the University of Kiel after the methods of GarbeScho Ènberg [1993] . Relative to the working values of Govindaraju [1994] and Jochum et al. [1990] , BHVO-1, Icelandic basalt 1 (BIR-1), and NBS 688 yielded an analytical accuracy within 10% for all trace elements and better than 5% for the REE. Within-run precision is generally better than 2%, and external reproducibility is generally better than 3%. XRF and ICP-MS data are shown in Tables 1 and 2 , respectively.
[4] Sr, Nd, and Pb isotope ratios and U-Th-Pb concentrations by isotope dilution analyses were carried out on a Finnigan MAT262-RPQ 2+ thermal ionization mass spectrometer at GEOMAR and on a Finnigan MAT261 at the Department of Geological Sciences at the University of California in Santa Barbara (UCSB). Analytical results and initial isotope ratios are displayed in Tables 3±5, and the analytical procedures are described by Hoernle and Tilton [1991] and Hauff et al. [2000] . Errors are reported at the 2s confidence level. Nd = 0.511847 4 (n = 12) at GEOMAR, and the AMES standard averaged 143 Nd/ 144 Nd = 0.511893 10 (n = 25) at UCSB, which is in good agreement with the long-term value of 143 Nd/ 144 Nd = 0.511889 9 obtained at the UCSB laboratory and correlates with a value of 0.51185 for La Jolla (G. R. Tilton, personal communication, 1997) . NBS981 gave a fractionation correction of 0.12%/amu for Pb isotope ratios relative to the values of Todt et al. [1996] at both GEOMAR and UCSB and was applied to the samples. Replicate analyses of 16 samples give an external reproducibility better Here gab, gabbro; pgr, plagiogranite; pic, picrite; bs, basalt; pbs, pillow basalt; cl, clast; mbs, massive basalt; bdl, below detection limit. Asterisk denotes element concentrations determined by XRF from [5] The 40 Ar/ 39 Ar laser dating was carried out by total fusion of single plagioclase crystals and basalt matrix fragments (0.1±2 mg) using a 25-W Spectraphysics Argon Ion laser connected to a Mass Analyzer Product (MAP) 216 noble gas mass spectrometer at the GEO-MAR Geochronology Laboratory. Plagioclase was leached in 5% HF acid for 15 min and cleaned ultrasonically. Matrix chips were ultrasonically washed in distilled water. All samples were irradiated for 144 hours in the 5-MW reactor at the GKSS Research Center in Geesthacht (Germany), monitor crystals Taylor Creek rhyolite (TCR) sanidine (Batch 85G003, 27.92 Ma [Duffield and Dalrymple, 1990] ) and samples were mounted in aluminum sample holders for vertical and lateral control of the neutron flux gradients. Vertical variations of the J value are corrected through fitting a cosine function to the data after Bogaard [1995] . Isotope ratios are corrected for system blanks, mass discrimination, and interfering neutron reactions. Up to 11 crystals or particles for each sample were analyzed, and the results are displayed in 36 Ar/ 40 Ar versus 39 Ar/ 40 Ar isotope correlation diagrams (Figure 3) . Least squares regressions fitted through the individual data points [York, 1969] Sr) m data. Total chemistry blanks were < 0.3 ng for Pb, < 0.2 ng for Sr, < 0.06 ng for Nd, Th, U and thus negligible. The external reproducibility of U-Th-Pb concentration determinations by isotope dilution is better than 1% based on 16 samples while those for Sm-Nd by ICP ± MS are < 2% and Rb-Sr by ICP ± MS and XRF respectively are < 4%. Gradstein and Ogg [1996] is used throughout the paper.
Geochronology: Analytical Results and General Geology
3.1. Santa Elena (Circa 124±109 Ma) [6] The Santa Elena Peninsula consists of a south to southwest verging tectonic nappe [Aze Âma and Tournon, 1982; Frisch et al., 1992] which places serpentinized peridotite above igneous and sedimentary strata ( Figure  2) . The footwall can be subdivided into three lithological units. Unit I contains a volcanic, sedimentary succession of vesicular, alkaline pillow lavas, massive basalts, radiolarites, radiolarite breccias, and alkaline dikes (Figure 2) , which has been interpreted to represent a seamount/ocean island complex and/or a tectonic me Âlange [Frisch et al., 1992; Tournon, 1994] . The radiolaria biostratigraphy of Unit I ranges from Pliensbachian to Cenomanian (196±94 Ma) [Astorga, 1997; DeWever et al., 1985; Schmidt-Effing, 1980] . Owing to poor fossil preservation and the lack of primary contacts resulting from severe faulting, dating of the igneous rocks through biostratigraphic means is not possible. Unit II is made up of tholeiitic pillow lavas. An aphyric pillow basalt (SE6) from Cocinero island (Figure 2) gives a 40 Ar/ 39 Ar whole rock age of 109.0 2.0 Ma (Table 6 and Figure 3 ). Unit III is mainly intrusive. Plagioclase from a layered gabbro complex at Playa Nancite (SE2, Figure 2 3.2. Nicoya, Herradura, Tortugal, Golfito, and Burica (95±74 Ma) [7] The Nicoya complex largely consists of aphyric pillow and massive lava flows, which are locally intruded by gabbros and plagiogranites. Dismembered radiolarite sequences of up to $100-m thickness (Figure 2) Figure  3) . Taken together the geochronological data suggest formation of the igneous basement over a relatively short time interval [Sinton et al., 1997] between circa 95 and 83 Ma, which is in sharp contrast to the extensive biostratigraphic record of the radiolarites (164±84 Ma). 92-83Ma (Sinton et al. 1997) 87.5-1.8Ma
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Tortugal: [1997] and inferred lithostratigraphic columns. Structural relations for the Santa Elena Peninsula are from Astorga [1997] and this study. The 40 Ar/ 39 Ar age dates (in bold type) of the igneous basement are from this study and that of Sinton et al. [1997] . Biostratigraphic ages of fossils from intrapillow sediments are in bold italic type. Other biostratigraphic ages (in italic type) are primarily from radiolarians and are often considerably older than the radiometric ages of the igneous rocks and intruded or in faulted contact with the igneous rocks. Proposed boundary between the Chortis and Chorotega blocks is based on geochemical (this study) and geophysical observations [Goedde, 1999] . [Hein et al., 1983; Tournon and Alvarado, 1997] suggests that the lavas represent the lowermost stratigraphic unit in this area. The cooling ages of the Herradura lavas overlap with the crystallization ages of the Nicoya intrusions, indicating that magmatism in both areas was contemporaneous.
[9] The Tortugal igneous complex (Figure 2) consists of a picritic basal unit, intruded by alkali basaltic dikes and an upper unit consisting of tholeiitic lava and gabbro. The nature of the contact between these units is unknown [Alvarado and Denyer, 1998 ]. Discordantly overlying littoral sediments of the late Campanian (74±71 Ma) Barbudal formation [Seyfried and Sprechmann, 1985] provide a minimum age for the magmatic complex. Plagioclase from one of the igneous rocks yielded an 40 Ar/ 39 Ar plateau age of 89.7 1.7 Ma [Alvarado et al., 1997], which is within the age range reported from Nicoya and Herradura. Ultramafic and alkaline rocks, however, have not been reported from Nicoya.
[10] Golfito and Burica form the southernmost basement exposures in Costa Rica and are separated from the Osa Peninsula by a N-S trending fault (Figure 2) . Late Campanian through middle Maastrichian limestones (74± 68 Ma) in the Golfito area and interbedded sediments of similar age on Burica [Di Marco, 1994] suggest the formation of the igneous rocks before 74 Ma. We note, however, the high need for radiometric age dating in this area.
Quepos and Osa (65±59 Ma)
[11] The volcanic stratigraphy of the Quepos complex (Figure 2) provides clear evidence for the emergence of a submarine volcanic edifice above sea level and the formation of an ocean island [Hauff et al., 1997] . Temporal constraints come from Danian (65±61 Ma) intrapillow sediments [Baumgartner et al., 1984] and a 60.1 0.7 Ma 40 Ar/ 39 Ar isochron age of a basaltic whole rock [Sinton et al., 1997] . Plagioclase of a gabbroic pebble from the apron facies of the island gave an age of 59.4 1.8 Ma ( Table 6 and Figure 3 ) with the laser 40 Ar/ 39 Ar single-crystal method. Radiometric and biostratigraphic ages suggest that the seamount/ocean island volcano was active between 59 and circa 65 Ma.
[12] The Osa Peninsula to the southwest of Quepos complex (Figure 2) consists of tectonized aphyric basaltic pillow lavas and sheet flows, which are locally intruded by finegrained gabbros. K/Ar ages of 17 basaltic whole rock samples give a mean value of 60.2 7.6 Ma [Berrange Â et al., 1989] . A pillow basalt from western Osa (OS6, Figure 2 ) produced a whole rock 40 Ar/ 39 Ar age of 62.1 0.8 Ma (Table 6 and Figure 3 ) in good agreement with the mean of the K/Ar ages.
[13] In summary, the presently available radiometric and biostratigraphic age data imply formation of the early Costa Rican basement in three distinct time intervals. The earliest magmatism is documented in tectonic slivers of the Santa Elena Peninsula (124±109 Ma), followed by an intermittent phase lasting from 95 to 74 Ma recorded in the Nicoya, Herradura, Tortugal, Golfito, and Burica igneous complexes. The younger Quepos and Osa complexes formed between 65 and 59 Ma. Although this 
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Geochemistry Geophysics Geosystems G stratigraphic framework is still preliminary, it is nevertheless important for a meaningful interpretation of the geochemical data presented in section 4.
Geochemistry: Analytical Results
Santa Elena (Circa 124±109 Ma)
[14] The total SiO 2 versus alkali diagram (Figure 4) illustrates that a tholeiitic series and an alkaline lava series exist within the Santa Elena Peninsula. As will be shown below, these compositional groups formed in different tectonic-magmatic settings.
Rocks with island arc basalt affinities
[15] Pillow lavas (SE6) and dikes (SE3, -22a, b, -27, -31, and 33) have tholeiitic basalt to basaltic andesitic and basaltic-trachyandesitic compositions ( Figure 4 ) and have almost identical incompatible element characteristics (Figure 5a ) with a general depletion of incompatible elements (e.g., (La/Yb) N = 0.45 0.15, N = 4). The relative depletion of Nb and Ta (e.g., (Nb/La) N = 0.39 0.7) and relative enrichment of mobile elements such as U, Pb, Ba, K, and Sr over immobile elements as is reflected by low Nb/U = 6±17, Ce/Pb = 6±20 (except SE6 due to Pb loss during alteration), and high Ba/La = 24±52 and K/La = 630±2000 are characteristic of primitive subduction zone magmas such as those of the Marianas [e.g., Elliot et al., 1997] (see Figure 6a) . The intrusive rocks (SE2) have similar incompatible element characteristics at significantly lower element concentrations, reflecting the accumulation of the major crystal phases plagioclase and pyroxene. Initial Pb isotope ratios (Figures 10a and  10b Pb) in = 37.57±37.83) and form a linear array slightly above the Northern Hemisphere reference line (NHRL) [Hart, 1984] . These characteristics and radiogenic initial ( 143 Nd/ 144 Nd) in = 0.51298 1 (eNd i = 9.6 0.21) as well as (Sm/Nd) N > 1 indicate a derivation from a long-term depleted mantle source that overlaps the field of Pacific mid-ocean ridge basalt (MORB). Initial 87 Sr/ 86 Sr ratios are relatively unradiogenic (0.7029À0.7031) but can reach 0.7047 in the gabbros (Figure 9 ).
[16] The increasing ( 87 Sr/ 86 Sr) in from 0.7029 in the leached pillow basalt to 0.7047 in the leached gabbro sample despite similar Nd and Pb isotopic composition could result either from (1) assimilation of altered oceanic crust or (2) contamination by fluids dehydrated from a seawater-altered subducting slab. In conclusion, the isotope and trace element characteristics of the tholeiitic basalts, basaltic andesites, and basaltic trachy-andesites on Santa Elena are consistent with their generation in a subduction zone environment.
Rocks with ocean island basalt affinities
[17] Dikes and vesicular pillow lavas in Unit I have tephritic, trachy-basaltic, and phono-tephritic compositions (Figure 4) . Incompatible elements are strongly enriched relative to the more compatible elements (e.g., (La/Yb) N = 15.9 and (Nb/La) N = 1.2), whereas Pb is markedly depleted (Figure 5b) . These characteristics are similar to modern ocean island basalts (OIBs). Unradiogenic ( 143 Nd/ 144 Nd) in = 0.51264 (eNd i = 3.0) and radiogenic ( 87 Sr/ 86 Sr) in = 0.7035 indicate derivation from a long-term enriched mantle source (Figure 9 ), while initial Pb isotope ratios (e.g., (
206 Pb/ 204 Pb) in = 18.81) have intermittent compositions (Figures 10a and 10b ).
4.2. Nicoya, Herradura, Golfito, Burica, and Tortugal (Circa 95±74 Ma) [18] Volcanism from 95 to 74 Ma is dominated by tholeiitic to basaltic andesitic lavas (SiO 2 = 49±53 wt % and MgO = 3±11 wt %, Table 1 ).
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In this age group, alkali basaltic to trachybasaltic dikes and picrites enriched in incompatible elements occur only at Tortugal. The tholeiites show good correlations between MgO and immobile elements, reflecting crystal fractionation of olivine + plagioclase (plag) Cr-spinel [Hauff et al., 1997] . Incompatible element patterns (Figures 6b, 6c , and 7a) are generally flat with relative depletions of Th, U, Pb, and P and slight enrichments in Nb and Ta (e.g., (Nb/Th) N = 1.93 0.37, N = 38 Figures 10a and 10b) . The uniform incompatible element and initial Nd and Pb isotope signatures of the tholeiitic rocks indicate derivation from a common source. The slight positive anomaly for Nb and Ta and extreme Pb depletion provide clear evidence that they were not generated in an arc setting. On the other hand, less radiogenic Nd and more radiogenic Sr-Pb isotopic compositions compared to Pacific NMORB of similar age (Figures 9 and 10 ) are inconsistent with derivation from depleted upper mantle, the common source of MORB. The chemical characteristics are, however, similar to mid-Cretaceous oceanic plateaus in the western Pacific such as the Ontong Java (Figures 6b, 6c , and 7a) [Mahoney et al., 1993; Neal et al., 1997] and in particular to other circum-Caribbean igneous complexes of similar age, often referred to as the Caribbean Large Igneous Province (CLIP) [Hauff et al., 2000; Kerr et al., 1997] .
[19] The picrites and alkaline rocks at Tortugal have steeply inclined incompatible element patterns (Figure 5b , e.g., (La/Yb) N = 3.8±9.5) with a depletion of highly incompatible elements such as U and Th relative to Nb and Ta, similar to modern OIB. The picrites have the lowest incompatible element concentrations but incompatible element ratios very similar to the alkali basalt dikes, consistent with formation of the picrites through olivine accumulation. 79), similar to the Nicoya, Herradura, Golfito, and Burica tholeiites. The unradiogenic Nd isotope composition of the alkaline rocks and picrites precludes that they originate from the same source as that of the tholeiitic rocks. We, however, note the similarity between the incompatible element patterns and radiogenic isotope compositions of the Tortugal picrites and alkaline rocks and those of the alkaline rocks from Santa Elena (Figures 5b,  9 , and 10).
Quepos and Osa (65±59 Ma)
[20] Within this age group, a transitional tholeiitic series (Quepos) can be distinguished from a tholeiitic series (Osa). At Quepos, covariations of CaO, Al 2 O 3 , and trace elements (Cr, Ni, Sr, and Ba) with MgO suggest fractionation of olivine (Ol) + clinopyroxene (Cpx) Cr-spinel at pressures >5 kbars, consistent with the observed phenocryst assemblage of the lavas [Hauff et al., 1997] . Inclined incompatible element patterns (Figure 7b Figure 5 . Incompatible element diagrams of the more immobile elements normalized to primitive mantle after Hofmann [1988] and rare earth elements (REE) patterns normalized to C1 chondrite after Sun and McDonough [1989] . Elements in both types of diagrams are arranged with increasing compatibility from left to right. (a) Tholeiites from Units II, III, and IV from the Santa Elena complex are similar to arc lavas from the Marianas [Elliot et al., 1997] . (b) Alkali basalts from Santa Elena Unit I and from Tortugal have nearly identical incompatible element patterns which are similar to ocean island basalts (OIB) [Chaffey et al., 1989; Thirlwall, 1997] 
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er degrees of melting as suggested by greater average depths ( $50 km) of melting and lower melting temperatures ( $13008C) than those estimated for the Nicoya tholeiites [see Hauff et al., 1997] . Although the Quepos lavas have OIBtype incompatible element patterns similar to those from Santa Elena and Tortugal, different Nd and Pb isotopic compositions exclude that the Quepos lavas were derived from the same source as that of these older OIB-type lavas. 
Discussion
Disputed Origin and Complex
Structure of the Caribbean Basement [22] On the basis of seismic and geochronological studies [e.g., Maufrett and Leroy, 1997; Driscoll and Diebold, 1998; Sinton et al., 1998 , and references therein], the existence of an oceanic flood basalt province within the Caribbean plate is now widely accepted. Yet considerable debate exists as to whether it formed in the Pacific realm or in between the Americas. Most plate tectonic reconstructions locate this part of the eastern Pacific over the Gala Âpagos hotspot at 100±90 Ma [Duncan and Hargraves, 1984; Pindell and Barrett, 1990] , whereas extrapolation of present-day, westward directed absolute plate motions of North America, South America, and the Caribbean yields an inter-or nearAmerican position, distant from the Gala Âpa-gos hotspot [Meschede and Frisch, 1998 ]. 
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Geosystems G Recent seismic studies in the eastern Caribbean sea [Driscoll and Diebold, 1998 ] and petrological studies of igneous complexes in Cuba [Kerr et al., 1999] add even more complexity, because they suggest the existence of an older, pre-Cenomanian (>99 Ma), oceanic plateau within the Caribbean plate. Interestingly, multiple magmatic events are also recognized for the Ontong Java and Kerguelen oceanic plateaus [Neal et al., 1997; Storey et al., 1996] and underline the strong need for reliable age dating in order to more fully understand the formation of these structures. For several reasons it is at present also an open question whether the Caribbean flood basalt event is indeed related to the initiation of the Gala Âpagos hotspot. First, the present Gala Âpagos Islands are derived from a plume consisting of at least four distinct mantle domains [White et al., 1993] . Consequently, a unique chemical fingerprint is difficult to constrain. Second, the oldest parts of the Gala Âpagos hotspot track presently being subducted off the coast of Central and South America are 20±25 Ma [Werner et al., 1999] , thus leaving a temporal gap of at least 50 myr to the CLIP lavas. Through integration of geochronological and geochemical data of the Costa Rican igneous complexes of this study, we are, however, able to develop a consistent model in which the Gala Âpagos hotspot system appears to play a major role in the evolution of the Caribbean plate and the Central American plate margin. Figure 10 . Initial Pb-Pb and Pb-Nd isotope correlation diagrams for Costa Rican basement complexes. All data, except island arc basalts of the Santa Elena complex, lie within the field of the Gala Âpagos Islands [White et al., 1993] . Owing to a lack of U, Th, and Pb concentration data for the Gala Âpagos data, we assume a linear increase of m with 206 Pb/ 204 Pb (m = 10 Â 206 Pb/ 204 Pb ±175) and 232 Th/ 238 U = 3 in calculating the field for the Gala Âpagos source [Hauff et al., 2000] . Northern Hemisphere reference line (NHRL) is after Hart [1984] . 
Origin of the West Costa Rican Igneous Complexes
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Geochemistry Geophysics Geosystems G trachyandesitic rocks from Units II, III, and IV have element and isotope characteristics consistent with formation in a subduction zone environment, features so far not confirmed in any other basement complex along the Pacific Coast of Costa Rica. In contrast, the alkaline rocks from Unit I have OIB-type geochemical characteristics. In accordance with earlier suggestions by Frisch et al. [1992] , the alkaline rocks could represent an accreted section of a geochemically enriched off-axis Pacific seamount, trapped within a á Figure 11 . Geodynamic evolution of Central America based on the age and geochemistry of igneous complexes in western Costa Rica (this study) and plate tectonic reconstructions of Duncan and Hargraves [1984] and Pindell and Barrett [1990] . 
Geochemistry Geophysics Geosystems G subduction zone sometime between the Cenomanian (99±94 Ma, age of the youngest radiolarites) and the Maastrichtian (71 ±65 Ma, exhumation of the peridotites). It is interesting to note that serpentinized peridotites also occur along the San Juan River and in the Tonjibe borehole (see Figure 1 of this work and Astorga [1992] for additional information). The east-west alignment of the peridotites seems to reflect a suture zone [Tournon et al., 1995] that coincides with the Hess Escarpment, a structural boundary between the oceanic crust of the Chorotega block and the continental crust of the Chortis block [Meschede and Frisch, 1998, and references therein] . The Chortis block is a segment of the North American craton (Figure 11 ) that migrated eastward along the leftlateral Motagua-Polochic fault zone on its northern boundary from Campanian to Oligocene times (84±34 Ma) into its present position (see Figure 11b ) [Meschede and Frisch, 1998, and references therein] . We interpret the Santa Elena complex as an uplifted mantle wedge of the Chortis subduction zone, originally located in front of Mexico ( Figure   11a ). This view is also supported by the strong serpentinization, which indicates the presence of abundant fluids that were possibly derived from the dehydrating subducting slab. The depleted Sr-Nd-Pb isotopic signatures of the melts suggest that the mantle wedge resembled Pacific NMORB mantle. Up to 908 counterclockwise rotations of paleomagnetic declination vectors within the Santa Elena thrust point to a south to southwest directed primary movement along the fault [Frisch et al., 1992] . Moreover, these block rotations can only be explained with a left-lateral transform component that translates into an eastward migration of the Chorotega block relative to the Chortis block (Figure 11b) . The late Campanian exhumation of the peridotites coincides with the onset of displacement along the Motagua-Polochic fault [Meschede and Frisch, 1998, and references therein] . Late Campanian coral reefs developed on top of the peridotite massifs and provide excellent temporal constraints for the collision of the Chortis block with the Chorotega block at 75±71 Ma. [24] The magmatism of these complexes is contemporaneous with widespread submarine volcanism recognized throughout the Caribbean plate and northwestern South America [Sinton et al., 1998 ], generating oceanic crust of up to 15-to 20-km thickness [e.g., Burke et al., 1978; Maufrett and Leroy, 1997; Driscoll and Diebold, 1998 ]. Therefore these volcanic successions are often referred to as a large [Sinton et al., 1998 ] and is believed to coincide with the initiation of the Gala Âpagos hotspot [Duncan and Hargraves, 1984] (see Figure 11b) . Even though the lavas erupted over an area of $3 Â 10 6 km 2 with a total volume of up to 4 Â 10 6 km 3 [Coffin and Eldholm, 1993] Pb) in = 18.86 0.13, n = 54 out of 66, 2s) [Hauff et al., 2000] . The initial SrNd-Pb isotope ratios completely overlap with the Gala Âpagos field at 90 Ma and thus are at least consistent with a derivation from the Gala Âpagos hotspot. The isotope and trace element data are interpreted to reflect the presence of recycled oceanic lithosphere in the source. The Sm-Nd and U-Pb isotope systematics further suggest relatively short recycling times of 300±500 myr; the time since the formation of the oceanic crust until melting to form the flood basalts at $90 Ma [Hauff et al., 2000] . [25] Since some Cretaceous Pacific MORBs that clearly formed away from mantle plumes have geochemical characteristics similar to those of the CLIP lavas [Janney and Castillo, 1997] it could be argued that the``plume-like'' character of the CLIP is not exclusive to intraplate plateaus. However, the most feasible explanation for widespread volcanism throughout the Caribbean between 92 and 88 Ma is a starting plume head model. Moreover, seismic transects across the Central American land bridge image overthickened oceanic basement [Stavenhagen et al., 1997; Christeson et al., 1999; Sallare Ás et al., 1999] with a velocity structure similar to the Ontong Java Plateau [Gladczenko et al., 1997] . Therefore the Nicoya, Herradura, Golfito, and Burica seem to represent pieces of uplifted Caribbean oceanic plateau basement rather than accreted oceanic crust.
[26] A second magmatic pulse at $75 Ma is recorded in the central Caribbean, Curac Ëao and western Colombia and is attributed to rifting of the overthickened plateau crust which in turn led to further upwelling and decompression melting of the underlying plume material [Sinton et al., 1998 ]. Volcanism similar in composition to the 92±88 Ma flood basalts occurs in the Costa Rican complexes from 95 to 75 Ma (Nicoya, $95±83 Ma; Herradura, 86±84 Ma; Golfito/Burica, >75 Ma). Northeastward migration of the oceanic plateau after its formation [Duncan and Hargraves, 1984] (see Figure 11b ) would result in transport of the southwestern plateau margin over the (stationary) plume tail. This suggests that the plume stem produced magma continuously from $95 to $75 Ma. Paleomagnetic data of the Nicoya, Herradura, Golfito, and Burica complexes indicate an origin from equatorial latitudes [Frisch et al., 1992] consistent with the location of the Gala Âpagos hotspot. At $80 Ma the northeastern margin of the plateau collided with the Greater Antilles Arc, causing a subduction reversal of the proto-Caribbean oceanic crust beneath the Greater Antilles and accretion of the oceanic plateau between the Americas [Duncan and Hargraves, 1984; Pindell and Barrett, 1990 ] (see Figure 11b) . The implications of radiolarites exposed along the circum-Caribbean plateau margins, which have Pacific (central Tethian) faunal affinities and range in age from Pliensbachian to Santonian (195 ± 84 Ma) [Baumgartner, 1984; Montgomery et al., 1994a; SchmidtEffing, 1979] , are threefold. First, their paleo-environmental facies suggests that they represent deposits of a biosiliceous high pro-G 3 ductivity zone located in the equatorial eastern Pacific [Astorga, 1997] (see Figure 11a ). Second, their biostratigraphic age being partly older than the opening of the proto-Caribbean sea at $165 Ma [e.g., Pindell and Barrett, 1990 ] strongly indicates a Pacific origin of large parts of the Caribbean plate through significant lateral transport [Montgomery et al., 1994b] . Third, the whereabouts of the preexisting oceanic crust onto which the radiolarites were deposited remain enigmatic. More detailed radiometric age dating of igneous especially in areas where they are closely associated with the radiolarites is necessary to detect the preexisting crust. suggests that magmatism at Tortugal is at least in part contemporaneous to Nicoya. Although the chemical composition of the Tortugal tholeiites is consistent with derivation from the CLIP source, the large differences in incompatible element concentrations and initial SrNd-Pb isotope ratios require derivation of the alkaline volcanic rocks and picrites from a distinct source. Within the CLIP, Gorgona Island off the coast of Colombia (Figure 1) is the only known locality for the coexistence of spinifex-textured, chemically depleted komatiites, tholeiites with intermediate chemical composition, and chemically enriched transitional tholeiites [Aitken and Echeverrõ Âa, 1984; Dupre Â and Echeverrõ Âa, 1984; Echeverrõ Âa, 1980] . In contrast to the Gorgona komatiites, the ultramafic rocks at Tortugal are olivine cumulates and enriched in their incompatible element and isotopic compositions. Even compared to the Gorgona transitional tholeiites, the Tortugal alkaline lavas have significantly higher incompatible concentrations and less radiogenic initial Nd and Pb isotopic compositions. The enriched Tortugal melts must therefore originate from a distinct source yet unknown within the CLIP. Similarities in trace element (Figure 5b ) and isotopic compositions (Figures 9 and 10 ) between alkaline rocks from Santa Elena and Tortugal are, however, remarkable and suggest that they may originate from a common source and are both part of the Chortis block. These observations support geophysical evidence that the actual boundary between the Chortis block and the Chorotega block may lie south of the Hess Escarpment [Goedde, 1999] (see Figures 2  and 11d ). This interpretation implies that the Nicoya Peninsula moved northward along a trench-parallel right lateral fault into its present location west of Tortugal [Goedde, 1999] (see Figures 2 and 11d ). Because our preferred tectonic models require formation of the CLIP distant from the Chortis block, the presence of CLIP-type tholeiites at Tortugal is intriguing. In conclusion, the structural and age relationships of the magmatic series at Tortugal require better constraints.
Quepos and Osa (65±59 Ma):
Accreted Gala Âpagos paleo-hotspot track [28] Formation of the Quepos and Osa magmatic complexes (65±59 Ma) occurred after the onset of Costa Rican arc volcanism in the late Campanian through Late Maastrichtian (74±65 Ma) [e.g., Baumgartner et al., 1984] , thought to reflect northeastward subduction of Pacific lithosphere beneath thickened CLIP lithosphere [Duncan and Hargraves, 1984] (see Figure 11c) . The OIB-like chemistry of the Quepos lavas and volcanological evidence for subaerial volcanism are consistent with an origin as an ocean island volcano [Hauff et al., 1997] . High 3 He/ 4 He ratio, $12 times higher than the atmospheric ratio, in olivine mineral separates of picrites from Quepos indicate a deep mantle origin [Hauff et al., 2000] and are G 3 characteristic for only a few hotspots such as Iceland and Gala Âpagos [Graham et al., 1993] . The majority of Osa lavas have incompatible element concentrations and initial Nd and Pb isotopic compositions similar to the CLIP basalts and to the lavas from the Cocos, Carnegie, and Coiba ridges (forming part of the Neogene Gala Âpagos hotspot tracks), suggesting derivation from a common source. Depleted signatures in some Osa lavas most likely reflect the involvement of a depleted upper mantle component, possibly reflecting entrainment of asthenosphere into the plume by lithospheric shear as proposed for the present Gala Âpagos plume [White et al., 1993] . [29] Even though Quepos and Osa formed synchronously, important differences exist in their volcanic facies. While Quepos lavas partly erupted subaerially, emplacement of the Osa lavas seems to be exclusively submarine, probably above the carbonate compensation depth [Berrange Â and Thorpe, 1988] . These differences could reflect formation of both structures as ocean island and aseismic ridge, respectively, over the subsequent tail of the Caribbean starting plume head [Hauff et al., 1997] , and imply that Osa and Quepos are part of the Gala Âpagos paleo-hotspot track accreted to the Central American margin (Figure 11c ). The spatial distribution and age relations of the Osa and Quepos complexes are remarkably similar to those of the aseismic Cocos ridge and seamounts to the northwest of the ridge, which represent drowned ocean islands presently being subducted off the coast of Costa Rica [von Huene et al., 1995; Werner et al., 1999] . These structures also overlap in age (13.0±14.5 Ma) and show similar variations in geochemistry and volcanology Werner et al., 1999] , as observed for Quepos and Osa.
[30] Overlying mid-Eocene (49±41 Ma) olisthostromes at Quepos and the presence of a mid-Eocene through Miocene accretionary wedge on the trenchward side of the Osa Peninsula (Figure 2) confine the age of accretion to be mid-Eocene (Figure 11d) . A regional early to late Oligocene (34±28 Ma) unconformity in the sedimentary basins of the Costa Rican Arc has been attributed to a large-scale deformation event [e.g., Sprechmann et al., 1994] , which occurred after the inferred arrival of the Osa/Quepos hotspot track at the Central American trench. These volcanic structures most likely formed morphological obstacles that caused deformation of the upper plate upon subduction [Cloos, 1993] , similar to the presently subducting seamounts off the coast of Costa Rica and the collision of the Cocos ridge 5±7 myr ago [e.g., De Boer et al., 1995; von Huene et al., 1995] . Finally, accreted Paleogene seamount/ ocean island complexes in western Panama [Hoernle et al., 1998 ] seem to represent the missing temporal link between the Gala Âpagos hotspot and the CLIP and testify to the continuous interaction of the Central American plate margin with the Gala Âpagos hotspot track, influencing the tectonic, magmatic, and sedimentary evolution of this region.
Conclusions
[31] Laser 39 Ar/ 40 Ar age dating combined with a detailed study of major and trace element and initial Sr-Nd-Pb isotopic compositions of eight oceanic basement complexes in Costa Rica show the following:
1. Igneous rocks on the Santa Elena Peninsula (125±109 Ma) are the oldest radiometrically dated rocks in Costa Rica. The geochemistry of these tholeiitic rocks (Units II, III, and IV) indicates a subduction zone origin through melting of a Pacific MORB-type mantle wedge of the Chortis subduction zone, formerly located in front of Mexico. The alkaline rocks G 3 (Unit I) have geochemical characteristics consistent with derivation through intraplate or OIB-type volcanism. 2. The majority of the Costa Rican igneous basement complexes (Nicoya, Herradura, the tholeiitic unit of Tortugal, Golfito, and Burica) formed over a relatively short time period (95±74 Ma), in sharp contrast to the extensive biostratigraphic record of radiolarian charts (164±84 Ma), which are intruded by or in fault contact with the 95± 74 Ma igneous rocks. The similarity in age and geochemistry to other circum-Caribbean basement exposures provides evidence that these complexes are part of the Caribbean Large Igneous Province (CLIP). Magmatism in Costa Rica occurred continuously between the major phases of volcanic activity at circa 90 and 74 Ma, previously identified in other portions of the CLIP, consistent with northeastward migration of the oceanic plateau over a continuously active plume tail. More age dating, however, is required to fully constrain the temporal evolution of the oceanic plateau and to date the igneous portion of preexisting oceanic crust, which could be as old as 164 Ma on the basis of the ages of the radiolarites. 3. The remarkable trace element and isotopic similarities between the alkaline and picritic rocks from Tortugal and the alkali basalts from Santa Elena (Unit I) suggest a common origin and suggest that the structural boundary between the Chortis block and the Chorotega block may lie south of the Hess Escarpment. 4. The Quepos ocean island and Osa aseismic ridge complexes are believed to form part of the early Gala Âpagos hotspot track (65± 59 Ma). Accretion of the Quepos and Osa volcanic structures in the mid-Eocene may have caused large-scale regional deformation and uplift of the Central American Arc similar to the indenture of the Cocos ridge $5 myr ago.
